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Abstract. Tribology, which deals with all problems related to friction, wear and 
lubrication, is intrinsically connected to sustainability. In this work, after a very 
brief historical overview of Tribology and Sustainable Development Goals, the 
main tribological research fields are described. A possible organization in six 
tribological branches is proposed: Fundamental Tribology, Tribology of materi- 
als and lubricants, Micro and Nanotribology, Industrial Tribology, Biotribology 
and Ecotribology. Several aspects of all branches are related to sustainability 
and can be included in another specific recent discipline termed Green Tribol- 
ogy. Different tribological aspects that contribute to reduce energy losses, and 
therefore CO, emissions, and material waste by reducing friction and wear, are 
reported in the paper. Tribology affects many targets of the Goals. Goal 12, Re- 
sponsible Consumption and Production, is probably the most affected by tribo- 
logical findings, but also Goals 3, 6, 7, 8, 9, 11, 13, 14 and 15 are directly influ- 
enced. The remaining Goals are indirectly affected in different ways. 


Keywords: SDG12, Tribology, Sustainable Development Goals, Green Tribol- 
ogy, Friction, Wear. 


1 Introduction 


Tribology and Sustainable Development Goals are strictly connected. In this section a 
very brief historical overview of both is presented showing their fundamental aspects. 


1.1 Tribology 


Tribology is an interdisciplinary science that deals with every problem related to fric- 
tion, wear and lubrication. Despite its name officially appeared in 1966 [1], the appli- 
cation of tribological practices comes back even to the prehistoric epoch (let's think 
for instance about the generation of fire by friction between two pieces of wood and 
about the way to reduce friction using rolling elements and fluids [2]). Some histori- 
cal famous milestones of Tribology are schematically shown in Fig. 1 [3]. In the fig- 
ure, starting from the left, an Egyptian bas-relief shows the transports of a stone 
colossus on a slide with a man pouring some liquid in front of the slide. Beside, a 
rolling bearing for a rotating platforms of a Roman ship. A ball bearing drawn by 
Leonardo da Vinci, by someone considered as the first well-known tribologist, and an 
apparatus for friction tests are then shown. Studies on lubrication are almost always 


based on the use of the well-known Reynolds equation; the principle of the hydrody- 
namic lubrication is shown in the middle of the figure. A picture shows then a meet- 
ing of the committee that produced the report where Tribology was mentioned offi- 
cially for the first time. More recently Tribology has taken advantage from new tech- 
niques such as particularly electronics, information and communications technology. 
A schematic drawing of a computer connected to an electronic system for measuring 
gear tooth temperature and a smart experimental system for recording experimental 
data of tests in bearings for turbomachinery are finally shown on the right. 
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Fig. 1. The Tribology evolution. From [3]. 


1.2 Sustainable Development Goals 


The 2030 Agenda for Sustainable Development was adopted by the General Assem- 
bly of the United Nations on 25 September 2015 [4]. It includes 17 Sustainable De- 
velopment Goals (SDGs) with 169 targets for Prosperity and Peace for People and 
Planet based on a global Partnership (sometimes called "the five P"). 

The 17 SDGs [5], reported in Table 1, aim for a better quality of life for everybody 
with improved health, education and economic situation in strict connection with a 
sustainable management of the planet’s natural resources. Subjects as climate, energy, 
science and technology are therefore also of fundamental importance for sustainable 
progress and life. 


Table 1. The 17 UN Sustainable Development Goals. 


1. No Poverty 10. Reduced Inequalities 

2, Zero Hunger 11. Sustainable Cities and Communities 

3. Good Health and Well-being 12. Responsible Consumption and Production 
4. Quality education 13. Climate Action 

5. Gender Equality 14. Life below Water 

6. Clean Water and Sanitation 15. Life on Land 

7. Affordable and Clean Energy 16. Peace, Justice and Strong Institution 

8. Decent Work and Economic Growth 17. Partnership for the Goals 

9. Industry, Innovation and Infrastructure 


2 From Tribology to the Green Tribology concept 


2.1 Tribology branches 


An overview of the many subjects of the tribological studies performed today can be a 
useful starting point for better understanding how Tribology is connected with sus- 
tainability. In fact Tribology is often not well known among common people and even 
among the engineering world [6], mainly because its complexity. Tribology is a really 
interdisciplinary science that involves many research fields as physics, mathematics, 
chemistry, materials science, mechanical engineering, chemical engineering, biomedi- 
cal engineering, manufacturing, and computer science. Not only industrial activities, 
but almost every activity of our life is related to tribological phenomena. When walk- 
ing the friction between our feet and the soil is essential to avoid slipping, and when 
washing our teeth or when combing our hair friction and wear aspects are involved. In 
addition, tribological studies range from theoretical to experimental and from basic to 
applied ones, covering aspects from the macroscopic to the nano world. Friction, wear 
and lubrication aspects are involved in many different fields interconnected in differ- 
ent ways so that Tribology could be considered like a web, Fig. 2. 
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Fig. 2. The Tribology web. 


Because of the many interconnections, it is not simple to classify the different sub- 
jects of Tribology. Usually, when the number and the importance of the studies in a 
specific research area have become significant, a new specific branch (or discipline) 
of Tribology has been created. Several different classifications in branches have been 
proposed during the years, all generally acceptable, but with some unavoidable over- 
lapping among the subjects. In this paper the following list of Tribology disciplines is 
proposed: Fundamental Tribology, Tribology of materials and lubricants, Micro and 


Nanotribology, Industrial Tribology, Biotribology, Ecotribology. The first three 
branches are more general, the second three more specific. 

Fundamental Tribology involves all basic studies on friction, wear and lubrica- 
tion. Theoretical and basic experimental researches are carried out that are used by all 
other branches. It furnishes the tools to investigate how to reduce friction (and there - 
fore energy losses) and wear (with the related saving of materials), both in dry and lu- 
bricated contacts. 

Tribology of materials and lubricants studies materials, lubricants, additives, 
surface treatments and coatings. Among new materials are ceramics, self-lubricating 
materials, and nano- and biomaterials. Tribological researches on new materials have 
influence on material footprint and material efficiency, resource consumption and re- 
cycling. Beside studies to reduce friction and wear in lubricated contacts with the 
more classical lubricants (mineral oils) and additives, there are studies to increase 
their durability. New ecofriendly lubricants and additives have been also developed 
(see below Ecotribology). Aqueous lubrication together with new aspects as superlu- 
bricity, and smart fluids, as electro-rheological (ER) and magneto-rheological (MR) 
fluids, able to vary their viscosity when an electric or magnetic field is applied, are 
also investigated. Different surface coatings for several applications are under study 
for further reductions of friction and wear. 

Micro and Nanotribology performs studies at micro- and nano level (nano-rein- 
forced materials, nanocoatings, 2D materials like graphene, fullerene-like hydro- 
genated carbon film, hydrogenated diamond like carbon coatings) till to the atomic 
scale level. The main aim is again the reduction of friction and wear. Such investiga- 
tions are important for the device miniaturization and have several micro and nano 
mechanics applications in medicine, biotechnology, optics, electronics, aviation, etc. 
(micro sensors and micro machines). 

Industrial Tribology is related to applications of tribological researches to the in- 
dustrial products. It ranges from manufacturing to the machines and their components. 
Tribology in manufacturing involves all machining (as grinding and turning) and 
cold/hot forming processes. Tool coatings for extension of tool life and higher ma- 
chining quality are investigated. Minimum Quantity Lubrication (MQL) has been in- 
troduced for a sustainable manufacturing for reducing the amount of cutting fluids in 
machining processes. Efficiency and maintainability of machines are increased by a 
correct tribological design of their components. Improvements in design can reduce 
size, friction and the amount of lubricant necessary, and produce longer life of com- 
mon machine components as bearings and gears. Oil-free solutions are also studied 
such as magnetic bearings. In the field of transportation, in addition to the reduction 
of emissions related to lower energy losses, tribological studies allow also to reduce 
the quantity of particles emitted from brakes, tires-asphalt contacts for cars, pan- 
tographs-catenary and wheel-rail contacts for trains. Efficiency and maintainability of 
machines and implants can be increased also implementing corrective actions when 
friction-wear-lubrication problems are evidenced by monitoring. New lubrication sys- 
tems, bearings and surface treatments have been developed for applications where 
longevity of operation is requested and maintenance is significantly costly and com- 
plicated, as for instance in wind turbines. 


Biotribology in a broad sense deals with all tribological aspects related to living 
organism, animal and plants. Most studies are focused on humans. Some tribological 
researches involves skin and teeth friction and wear, saliva lubrication, food taste 
(tongue). Biomedical applications are deeply investigated, such as cardiovascular de- 
vices, tissue substitutes, synovial joints (articular cartilage and synovial fluid), artifi- 
cial joints, new biomaterials. Biomimetics is another important field that can help to 
avoid potential toxic new materials by taking inspiration from nature. Bio-inspired 
surfaces and systems can be manufactured in order to replicate natural structures. 
Some examples are non-adhesive surfaces that simulate the lotus leaves, specially 
structured surfaces mimicking the gecko toes for controlling adhesion, water-resistant 
and water-proof materials replicating the nanostructure of cigada wings, special mi- 
cro-textures (bumps and grooves) of functional surfaces used for sand erosion resis- 
tance by the desert scorpion. 

Ecotribology is specifically focused on environmental effects of tribological stud- 
ies. Environmentally friendly (ecological) lubricants and additives are important for 
reducing health and pollution problems. Vegetable oil-based lubricants, bio-based hy- 
draulic and metal working fluids, gelatin based soft lubricants, ionic liquids, additives 
derived from natural resources as vegetable oils, coatings made by biofilms are some 
examples that could also provide an important friction reduction. Reconditioning of 
lubricants is another ecological practice to reduce the impact of non-renewable fossil 
liquids potentially harmful for the environment. A correct tribological design can take 
into account the possibility of remanufacturing of machine components as bearings 
and gears that do no more deliver optimum performances when worn. Remanufactur- 
ing reduces waste and emissions. Renewable energy plants are part of this branch too. 


2.2 Green Tribology 


Tribological studies can be put directly or indirectly in relation with sustainability. At 
the beginning of the 2000s the new term "Green Tribology" was introduced by Zhang 
as reported in [7] that includes all subjects of the above disciplines more directly re- 
lated to sustainability, as material and energy efficiency, eco-friendly lubricants, re- 
duced emissions. The names environmental friendly Tribology and Ecotribology were 
also introduced before, while the term sustainable started to be associated to Tribol- 
ogy successively [7], [8]. However, in a broad conception, Green Tribology can in- 
clude all subjects of the tribological disciplines. Tribological theories and applications 
are just watched from a different point of view as before and indications on the envi- 
ronmental and ecological impacts of the tribological studies are explicitly mentioned. 
In a book edited by Nosonovsky and Bhushan [9] three areas of Green Tribology are 
identified: biomimetic Tribology, eco-friendly lubricants and materials, and tribologi- 
cal aspects of sustainable applications. 

One of the main effects of Tribology on the ambient is related to reduction of en- 
ergy losses and materials consumption. Obviously the first aspect is more related to 
friction, the second one to wear. However, a reduction of wear reduces also energy 
needs because it is always necessary some energy to extract materials and to manufac- 
ture machine components. Transportation, power generation, manufacturing and resi- 
dential are the main sources of energy losses [10]. Friction reduction and the exten- 


sion of product life by an increase of the wear resistance contribute to reduce CO2 
emissions. Wear protection also reduces pollution due to wear particles and fine dust. 
Inspiration can be also taken from the nature: biomimetic studies can help to develop 
controlled friction and low wear surfaces. Wear control can be obtained both with a 
good tribological design of the components and with condition monitoring of the ma- 
chine behavior. Based on the indications from monitoring, corrective actions can be 
taken without delay by minimizing energy losses related to the machine malfunction- 
ing and avoiding catastrophic damages. Tribotronics is a concept that combines Tri- 
bology and Electronics [11]. It allows to monitor and control the systems in real time. 
Quantities as vibrations, temperatures and sound emissions are continuously moni- 
tored by suitable sensors connected to control units and computers that can analyze 
results also using tribological databases and can modify some working parameters 
through suitable actuators. New lubricants with reduced friction (connected to lower 
CO: emissions) and extended life, oils and additives based on renewable materials and 
biodegradable and low toxicity fluids contribute to reduce pollution. Renewable clean 
energy plants as wind turbines and marine wave energy collecting devices are impor- 
tant for sustainability. Their correct working conditions are related to suitable tribo- 
logical design of components for long life and reduced need of maintenance, while 
Tribotronics helps the plants work for long time without human intervention. 


3 Tribology and Sustainability 


Tribological studies are of fundamental importance for a sustainable development that 
has to combine human needs and environment's integrity. The term sustainability ap- 
pears today together with Tribology in many conferences, books and papers, and the 
economic, environmental and social impact of Tribology is also quantified (see for in- 
stance [7], [8], [10], [12]). The enormous impact of Tribology in energy, materials, 
economy, CO» emission reduction has been evidenced in several studies starting from 
the Jost report [1]. According to [13], "as the humanity progresses, tribology continue 
to make vital contributions in addressing the demands for advanced technological de- 
velopments, resulting in, for example, reducing the fuel consumption and greenhouse 
gases emission, increasing machine durability and improving the quality of life 
through artificial implants, among the others". 

Tribology affects directly or indirectly several targets of almost all the 17 SDGs. 
The SDGs are surely related to Green Tribology that, as stated before, includes as- 
pects of all branches described in the previous section. Two lists of Goals and targets 
directly and indirectly affected by Tribology are reported below. Some connections 
with the tribological subjects and branches are synthetically reported. They are just 
some of the possible connections because of the many links among the branches. 


3.1 Goals directly affected by Tribology 


Goal 3-Good Health and Well-being. Target 3.8 mentions the access to quality es- 
sential health-care services that can be put in relation with Biotribology, dealing with 
prosthetic implants, heart valves and other medical devices for which tribological in- 


vestigations are fundamental. Target 3.9 is addressed to a substantial reduction of the 
number of deaths and illnesses from hazardous chemicals and air, water and soil pol- 
lution and contamination. More efficient system with lower emissions, less material 
wastes through reduced wear and dimensions, reuse, environmental friendly lubri- 
cants and reduced use of lubricants are relevant for this target. Studies of Ecotribol- 
ogy, Industrial Tribology, Tribology of materials and lubricants are particularly in- 
volved. 

Goal 6-Clean Water and Sanitation. Targets 6.3 and 6.6 are respectively ad- 
dressed to improve water quality by reducing pollution, eliminating dumping and 
minimizing release of hazardous chemicals and materials,...increasing recycling and 
safe reuse globally and to protect and restore water-related ecosystems, including 
mountains, forests, wetlands, rivers, aquifers and lakes. Target 6.a mentions water ef- 
ficiency, wastewater treatment, recycling and reuse technologies. They are again re- 
lated to similar tribological fields as for Goal 3. 

Goal 7-Affordable and Clean Energy. Target 7.3 reports the necessity to double 
the global rate of improvement in energy efficiency and is particularly related to In- 
dustrial Tribology (friction reduction, wear control, Tribotronics, efficiency and main- 
tainability). Target 7.a mentions the access to clean energy research and technology, 
including renewable energy, energy efficiency and the promotion of investment in en- 
ergy infrastructure and clean energy technology. This is mainly related to Ecotribol- 
ogy applications, as eolics and hydropower. 

Goal 8-Decent Work and Economic Growth. Target 8.2 pushes towards higher 
levels of economic productivity through diversification, technological upgrading and 
innovation. Target 8.4 hopes for a progressive improvement of the global resource ef- 
ficiency in consumption and production and endeavour to decouple economic growth 
from environmental degradation. Both targets can be again related to Industrial Tri- 
bology and Ecotribology (Tribotronics, friction and wear control, new coatings, eco- 
logical lubricants, reuse, minimum quantity lubrication) but also to innovative studies 
of Micro and Nanotribology. 

Goal 9-Industry, Innovation and Infrastructure. Target 9.4 mentions the neces- 
sity to make infrastructure and industries sustainable, with increased resource-use ef- 
ficiency and greater adoption of clean and environmentally sound technologies and 
industrial processes and is primarily related to Ecotribology and Industrial Tribology. 
Target 9.5 is for enhancing scientific research, upgrade the technological capabilities 
of industrial sectors in all countries and is related to Industrial Tribology and Tribol- 
ogy of materials and lubricants (researches for more durable and efficient compo- 
nents, new materials). 

Goal 11-Sustainable Cities and Communities. Target 11.6 reports the necessity 
to reduce the adverse per capita environmental impact of cities, including by paying 
special attention to air quality and municipal and other waste management, while in 
target 11.b resource efficiency is mentioned again. These targets are related to trans- 
ports and buildings. If the importance of Tribology in transports is clear (there is a 
huge number of vehicles around the world, with several tribological components, as 
bearings and gears), maybe less evident is the possible reduction of energy losses in 
buildings, where losses are nested in several common machines as electric motors, 


pumps and fans, present in devices such as washing machines, heating and air condi- 
tioning systems, teeming with tribological contacts. 

Goal 12-Responsible Consumption and Production. Target 12.1 mentions again 
sustainable consumption and production, target 12.2 would like to achieve the sus- 
tainable management and efficient use of natural resources, and target 12.4 the envi- 
ronmentally sound management of chemicals and all wastes and the significant reduc- 
tion of their release to air, water and soil. Target 12.5 mentions a substantial reduc- 
tion of waste generation through prevention, reduction, recycling and reuse. Target 
12.a strengths the scientific and technological capacity to move towards more sustain- 
able patterns of consumption and production. All targets are again related to studies 
on friction and wear for reducing impact on ambient, new lubricants, biolubricants 
and additives, surface treatments and coatings, Tribology of machine elements. 

Goal 13-Climate Action. Target 13.2 and 13.3 state respectively: Integrate cli- 
mate change measures into national policies, strategies and planning, and Improve 
education, awareness-raising and human and institutional capacity on climate 
change mitigation, adaptation, impact reduction. Reduced CO2 emissions related to 
lower friction losses, materials waste reduction, reduced pollution of small wear parti- 
cles such as the ones produced by wear of tires, brakes and road surfaces, lubricants 
with longer life, lubricant reconditioning, and ecofriendly lubricants are examples of 
how Tribology can impact the ambient and therefore the climate. Knowledge of the 
tribological problems is fundamental. 

Goal 14-Life below Water. Target 14.1 reports about to prevent and significantly 
reduce marine pollution of all kinds, target 14.3 about to Minimize and address the 
impacts of ocean acidification, including through enhanced scientific cooperation at 
all levels. They are surely related to a reduction of pollution due to exhausted lubri- 
cants and to wear particles. Oil reconditioning, ecofriendly lubricants, oil-free or wa- 
ter lubrication and wear control techniques are tribological practices that contribute to 
reduce marine pollution. 

Goal 15-Life on Land. Target 15.1 aims to ensure the conservation, restoration 
and sustainable use of terrestrial and inland freshwater ecosystems, target 15.4 en- 
sure the conservation of mountain ecosystems. Oil reconditioning, remanufaturing, 
tribological design for longer life of the components and biomimetic applications con- 
tribute to a reduced consumption of the natural resources. 


3.2 Goals indirectly affected by Tribology 


Goal 1-No Poverty. Target 1.4 would like to ensure that all men and women can 
have equal rights to economic resources, as well as access to ... natural resources, 
appropriate new technology. To spare energy and materials contributes to save money 
and natural resources with beneficial for all people. 

Goal 2-Zero Hunger. Target 2.a mentions technology development also in order 
to enhance agricultural productive capacity. Tribological studies contribute to realize 
machines and components with better performances and minor downtime, also for 
agricultural applications, allowing to increase production. 

Goal 4-Quality Education. Target 4.3 hopes for equal access of all women and 
men to affordable and quality technical, vocational and tertiary education, target 4.4 


for a substantial increase of the number of youth and adults who have relevant skills, 
including technical and vocational skills, target 4.b mentions training and informa- 
tion and communications technology, technical, engineering and scientific pro- 
grammes. The knowledge of the tribological concepts and their implications is impor- 
tant for a high quality education. 

Goal 17-Partnership for the Goals. Target 17.6 mentions enhancement of coop- 
eration on and access to science, technology and innovation and enhance knowledge, 
target 17.7 states Promote the development, transfer, dissemination and diffusion of 
environmentally sound technologies, target 17.16 Enhance the global partnership for 
sustainable development. Diffusion of the Green Tribology results is fundamental for 
sustainability. Tribological databases are available and results can be disseminated. 

Tribological studies contribute to a better environmental situation and therefore to 
a better life for both men and women. So we could say that also Goal 5-Gender 
Equality, Goal 10-Reduced Inequalities, and Goal 16-Peace, Justice and Strong 
Institution are in a certain way influenced by Tribology. In particular Target 5.b 
mentions Enhance the use of enabling technology, in particular information and com- 
munications technology, to promote the empowerment of women. Computer are in- 
volved and tribological studies on hard disk technology are important. 


By summarizing, Goals 3, 6, 7, 8, 9, 11, 12, 13, 14 and 15 are directly affected by 
tribological applications. Most probably Goal 12, aimed to Responsible Consumption 
and Production, is the most affected. Goals 1, 2, 4 and 17 are indirectly affected by 
Tribology, while its influence on the remaining Goals 5, 10 and 16 can be seen by 
considering the effects of Tribology in a broad sense. The different influence of Tri- 
bology on the 17 SDGs is evidenced in Fig. 3 through the different gray levels of the 
icons' shadows. The influence increases with the darkness of the gray. 
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Fig. 3. Icons of the 17 UN Sustainable Development Goals. 
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4 Conclusions 


Several aspects of all branches of Tribology are related to sustainability and can be in- 
cluded in a specific quite new discipline, the Green Tribology. One of the main ef- 
fects of tribological studies on the ambient is related to reduction of energy losses and 
materials consumption, both connected to reduced CO; emissions. Wear and friction 
losses and the related wastes and pollution can be drastically reduced by correct tribo- 
logical design as well as by condition monitoring that also reduce machine downtime. 
New materials and environmental friendly lubricants can furnish an essential contrib- 
ute in the field of ecological sustainability and climate changes. Tribological studies 
on prostheses and other medical devices contribute to the humans' well-being too. 

Tribology affects several targets of the Sustainable Development Goals, in particu- 
lar of Goal 12, Responsible Consumption and Production. Goals 3, 6, 7, 8, 9, 11, 13, 
14 and 15 are also directly influenced by tribological findings and applications, while 
the remaining Goals are generally indirectly affected. 
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